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Abstract Divalent metal ion binding to the bacterial iron- 
storage protein, hacterioferritin (BFR), which contains a di- 
nuclear metal binding site within each of its 24 subunits, was 
investigated by potentiometric and spectrophotometric methods. 
Cobalt(D) and zinc(D) were found to bind at both high- and low- 
affhtity sites. Cobalt(D) binding at the high-affinity site was 
observed at a level of two per subunit with the release of N 1.6 
protons per metal ion, thus confirming the dinuclear metal centre 
as the high-affinity site. Zinc(I1) binding at the dinuclear centre 
(high-affinity site) resulted in the release of -2 protons per 
metal ion, but exhibited a binding stoichiometry which indicated 
that not all dinuclear centres were capable of binding two zinc(D) 
ions. Competition data showed that binding affinities for the 
dinuclear centre were in the order zinc(D) > cobalt(II), and also 
confirmed the unexpected stoichiometry of zinc(I1) binding. This 
work emphasises the importance of charge neutrality at the 
dinuclear centre. 
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1. Introduction 
Metal ion binding to proteins is often associated with the 
uptake or release of protons to provide charge compensation. 
Often there will be complete charge compensation so that the 
overall interaction is electroneutral. Transferrins are a partic- 
ularly well-studied class of metal binding proteins in this 
respect [l-3]. Human serum transferrin binds two iron(II1) 
ions at separate sites, each in concert with one HCO, and 
releases a net six protons: one from each anion, which thus 
become CO:- ; and four from tyrosine side chains that bind to 
the iron(II1) ions. Therefore, in this case metal binding is not 
fully charge compensated and there is a difference in the total 
charge of apo-transferrin and [Fe(III)-CO~~]z-transferrin that 
can be detected by electrophoresis of the native proteins. The 
reduction of the non-haem-iron(II1) core of mammalian ferri- 
tin is another system which appears not to be fully charge 
compensated. Watt et al. [4] have shown that two protons 
are taken up per electron when the core iron(II1) is reduced 
to iron(H). 
We are interested in the formation and breakdown of di- 
nuclear metal centres in proteins and in the present paper 
report potentiometric and spectroscopic studies of the binding 
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of cobalt(I1) and zinc(I1) to the oligomeric non-haem-iron- 
containing cytochrome &,r, also known as bacterioferritin 
(BFR), from Escherichiu coli. BFR is an iron-storage protein 
consisting of 24 identical subunits of M,. = 18 500 which pack 
together to form an approximately spherical molecule with a 
hollow centre in which large amounts of iron can be deposited 
as a ferric-oxy-hydroxide-phosphate mineral [5,6]. In addition 
to the iron core, BFR contains up to 12 b-type haem groups 
situated between symmetry-related subunit pairs, and ligated 
by two methionines (Met-52 and Met-52’) [7,8], and a dinu- 
clear metal-binding site in each subunit called the ferroxidase 
centre [8-lo]. The form of the centre when occupied by diva- 
lent metal ions is represented schematically in Fig. la, which 
reveals that the two metal ions are bridged by two carboxy- 
lates and that each has an additional, monodentate, carboxy- 
late ligand and a histidine ligand. The mechanistic details of 
aerobic oxidative iron-uptake by BFR have not been fully 
determined but it has been established that the process in- 
volves at least three kinetically distinguishable phases: binding 
of iron(I1) at the ferroxidase centre (phase 1); fast oxidation 
of iron(H) to iron(II1) at the ferroxidase centre (phase 2); and 
subsequent formation of the mineral core (phase 3) [9,10]. 
Thus, the ferroxidase centre is proposed to play a key role 
in this process. Similar dinuclear metal centres are found in a 
range of proteins including the R2 subunit of ribonucleotide 
reductase (RNR) (Fig. lb), and the hydroxylase subunit of 
methane monooxygenase [ll-131. A common feature to the 
chemistry of all these proteins is that their dinuclear centres 
react with 02, though the nature of the overall reactions are 
different. 
There is considerable interest in the mechanisms of action 
of proteins containing dinuclear iron centres, particularly in 
the structural bases of their mechanistic differences. The as- 
sembly and disassembly of these centres is also of interest and, 
at least in the case of BFR, may play a central role in the 
mechanism of reaction. Since the centres are invariably buried 
within 4-a-helical bundle structures the question of charge 
distribution within them is an important one. This is so not 
only for dinuclear centres undergoing redox change but also 
for the assembly of such centres. In the present paper we 
address this latter issue by investigating the binding of co- 
balt(I1) and zinc(I1) to BFR with unoccupied ferroxidase cen- 
tres, i.e. apo-BFR. We chose these metal ions because they do 
not undergo redox reactions with BFR in the presence of 02, 
and because previous work had indicated that both bind at 
the ferroxidase centres [10,14]. To investigate the degree of 
charge compensation we have determined the number of pro- 
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tons released per metal ion bound by potentiometric titration. 
We conducted our studies at pH 6.0-6.5 to permit comparison 
of the results with the structure ofOthe empty site of apo-RNR 
at pH 6.0 that was described by Aberg et al. [15]. The three- 
dimensional structure of apo-BFR has not been reported. 
2. Materials and methods 
Overexpression and purification of BFR [lo], the removal of non- 
haem iron by treatment with sodium dithionite and 2,2-bipyridyl [16], 
and the determination of haem content by the pyridine haemochro- 
magen method [17] were all carried out as previously described. The 
haem contents of the samples used for the experiments described in 
the present paper were 5-6 per 24 subunits, a typical value for re- 
combinant BFR [lo]. All concentrations of BFR given are for the 
assembled 24-mer. 
The change in proton binding that is associated with metal binding 
to BFR was studied according to the method of Laskowski and Fin- 
kenstadt [18] with a Radiometer Model ABU93 titrator operated un- 
der computer control [19]. CoClz and ZnCla solutions were prepared 
gravimetrically by dilution of atomic absorption standards (Merck 
Tritisol) to known concentrations and ionic strength was adjusted 
to 0.1 M with KCl. Titrations were performed with unbuffered solu- 
tions of BFR (0.0834.75 uM) in 0.1 M KC1 and at 25°C. Potentio- 
metric data were fitted with a model that assumes two types of in- 
dependent metal binding site [20] and a stoichiometry of two of each 
type of site per BFR subunit. 
Spectrophotometric experiments were carried out using a Hitachi 
4001 spectrophotometer interfaced to a 486PC. Visible difference spec- 
tra were recorded with apo-BFR solutions in both reference and 
sample cuvettes, and with metal-containing solution added to the 
sample cuvette and an equal volume of water added to the reference 
cuvette. Solutions of CoCla and ZnCla were freshly prepared prior to 
each experiment by dissolving weighed amounts of the salts in AnalaR 
grade water. Microlitre additions of the metal ion solutions to optical 
cuvettes were made using a Hamilton micro-syringe. Each addition 
was followed by stirring and an incubation time of approx. 10 min. 
BFR (13.2 pM) was in 0.1 M MES buffer, pH 6.5. The dilution of the 
protein solutions during the titrations was minimised by using con- 
centrated metal ion solutions. The resultant change in protein con- 
centration ( < 4%) was not taken into account when fitting the data. 
3. Results and discussion 
3.1. Cobalt(II) binding to BFR 
Fig. 2a shows the change in proton binding to BFR that 
occurs upon addition of cobalt(I1) at pH 6.0. The data are 
well described by a model (solid line) in which two cobalt(H) 
ions bind at a dinuclear site with the release of 1.62 + 0.02 
protons per metal ion and apparent dissociation constant 
(&) values for each cobalt(I1) ion of 1 f 0.1 X lop6 M. Pre- 
vious spectroscopic experiments with wild-type and site-direct- 
ed variants of BFR showed that cobalt(I1) ions preferentially 
bind at the ferroxidase centre (2 cobalt(I1) per centre) [14]. 
Binding of cobalt(I1) ions at each ferroxidase centre was 
found to occur with macroscopic & values estimated to be 
of the order of N 10-s M. Individual microscopic Kd values 
were not obtained. 
Further spectroscopic investigation of cobalt(I1) binding 
was carried out in the present study. Fig. 3a shows the visible 
absorption difference spectra obtained on the addition of co- 
balt(U) to apo-BFR. Absorbance bands, due to cobalt(I1) d-d 
transitions, were observed at the wavelengths 520, 555, 600 
and 620 nm, with associated extinction coefficients of 126, 
155, 107 and 75 M-’ cm-’ (per cobalt), respectively [14]. 
These energies and intensities are characteristic of pseudo-tet- 
rahedral or penta-coordinate cobalt(H) complexes, consistent 
with cobalt(I1) binding at the ferroxidase centre. Saturation 
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Fig. 1. Schematic representations of the dinuclear metal centres of 
BFR and the reduced form of the R2 protein of ribonucleotide re- 
ductase. (a) BFR. Adapted from [S]. Although the chemical nature 
and redox level of the occupying metal ions were not stated by Fro- 
low et al. [S] it is likely that Ml and M2 are both Mn(II), since 
crystals of BFR were obtained from solutions of apo-BFR and 100 
FM MnCla. (b) R2 RNR. Adapted from [12]. Ml and M2 are 
iron@) ions. 
occurs at a stoichiometry of -50 cobalt(I1) ions per BFR 
molecule (Fig. 3~). The data were fitted to a model (solid 
line) which assumes equivalent, non-interacting binding sites 
[14], and gave an estimate of the & value of 3.4f 2.6X 
lO-‘j M. 
The spectroscopic data indicate that under the conditions of 
the potentiometric study, the occupancy of the dinuclear site 
with cobalt(I1) ions will be > 95% at a stoichiometry of 48 
cobalt(I1) ions per BFR molecule. The gradual increase in 
protons released as cobalt(I1) is added at above stoichiometric 
levels is due to cobalt(I1) binding at additional sites. Analysis 
of the potentiometric data indicates that two additional co- 
balt(I1) ions bind per subunit with Kd values of N 2 X lop4 M 
and with release of -0.6 protons per cobalt(I1) ion. These 
weakly bound cobalt(I1) ions were not detected in the visible 
absorption spectroscopic study of Fig. 3 suggesting that they 
have very low extinction coefficients for their d-d transitions 
and are thus of octahedral symmetry. The parameters derived 
from fitting of the potentiometric titrations are summarised in 
Table 1. 
3.2. Zinc(H) binding to BFR 
Fig. 2b shows the change in proton binding to BFR that 
occurs upon addition of zinc(I1) at pH 6.0. As observed for 
cobalt(H), binding of zinc(I1) to BFR is accompanied by re- 
lease of protons. The data in Fig. 2b could be fitted to a 
model (solid line) that assumes: (i) two zinc(I1) ions bind at 
a high-affinity site; (ii) two zinc(I1) ions bind at low-affinity 
sites; and, (iii) only 82% of available sites are able to bind 
zinc(I1) at this pH. 
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The parameters derived from fitting the data to this model 
indicate that zinc(II) binds to the high-affinity site with an 
apparent Kd value of 1.09 f 0.09 X 10e7 M, resulting in the 
release of 1.96f 0.01 protons for each zinc(I1) ion bound, 
and that a further two zinc(I1) ions bind at low-affinity sites 
with Kd values of N lop4 M and the release of 0.9 protons per 
zinc(I1) bound. On increasing pH to 6.5 similar potentiometric 
data were obtained for zinc(I1) binding (not shown) with the 
fitting model indicating that, for the high-affinity site, the & 
was increased by a factor of two, while the proton stoichi- 
ometry was little changed. For the low-affinity site, the Kd and 
proton stoichiometry were both increased by a factor of two 
(Table 1). 
Previous work on the oxidative uptake of iron(I1) by BFR 
showed that zinc(U) can bind to the ferroxidase centre result- 
ing in the inhibition of iron(I1) oxidation [lo]. However, this 
previous study did not report binding affinities for zinc(I1) and 
since zinc(I1) does not have favourable spectroscopic proper- 
ties for their determination we have investigated the relative 
binding affinities of zinc(I1) and cobalt(I1) in a competition 
experiment (Fig. 3). 
Fig. 3b shows the change in the absorbance spectrum upon 
addition of zinc(I1) to the saturated cobalt(II)-BFR complex. 
As the zinc(U) concentration is increased, the absorbance de- 
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Fig. 2. The change in proton binding observed upon titration of 
BFR with divalent metal ions (25°C n = 0.1 M): (A) CoClz; 
[BFR]initial ~0.362 PM, pH 5.97. (B) ZnCls; [BFR],“,ud ~0.366 n-M, 
pH 5.98. In each case, the solid line is a non-linear least squares fit 
to the data calculated as described in the text. 
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Fig. 3. Optical titrations of apo-BFR with solutions of cobalt(I1) 
and zinc(I1) chlorides. Apo-BFR (13.2 nM) was in 0.1 M MES buf- 
fer pH 6.5. (a) Visible difference spectra recorded after the addition 
of each aliquot of cobalt(I1) to apo-BFR as described in Section 2. 
(b) Visible difference spectra recorded after the addition of each ali- 
quot of zinc(I1) to apo-BFR solution containing cobalt(I1) (930 
l.tM). (c) Change in absorbance with increasing concentrations of 
cobalt(I1) (0, O-930 PM) or zinc(I1) (A, 930 nM cobalt(II), f&790 
PM). The shape of the zinc(B) curve indicates that zinc(I1) displaces 
cobalt(I1) from the ferroxidase sites at low concentrations of zinc(U) 
even though cobalt(I1) is present in a large excess over the number 
of ferroxidase centres. 
creases sharply. This can be seen most clearly in the plot of 
Fig. 3c which shows that the initial gradient of the absorbance 
increase as cobalt(I1) is added is less than the initial gradient 
of the absorbance decrease as zinc(I1) is added, even though 
there is a 50% excess of cobalt(I1) over the ferroxidase metal 
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Table 1 
Parameters derived from the potentiometric analysis of metal binding to BFR 
Metal ion pH Dinuclear centre 
& (M) Protons released 
Cobalt(I1) 5.97 (1.0~0.1)x10-~ 1.62 f 0.02 
Zinc(H)” 5.98 (1.09+0.09)x10-~ 1.96+0.01 
Zinc(I1)” 6.48 (2.0 + 0.2) x 10-r 2.01 * 0.01 
Non-specific site 
% (M) 
(2.2f 1.9)X 10-4 
(7.1 ?O.S)X 10-s 
(l.SfO.l)X 10-d 
Protons released 
0.5 f 0.3 
0.87 + 0.03 
1.95 + 0.05 
u=O.l M, 25°C. 
“Site availability 82%. 
bSite availability 78%. 
binding capacity. These data demonstrate that zinc(I1) dis- 
placed cobalt(I1) from the ferroxidase site and is consistent 
with zinc(I1) having a greater binding affinity for the ferrox- 
idase centre than cobalt(II), as the potentiometric data indi- 
cate (Fig. 2). However, the fact that the difference spectrum at 
saturating levels of zinc(I1) (e.g. 60 zinc(I1) ions per BFR 
molecule) is not featureless indicates that not all the cobalt(I1) 
is displaced from the protein. However, the difference in max- 
imum metal ion binding capacity does not affect the proton 
release stoichiometries. 
The low-affinity binding sites for zinc(I1) and cobalt(I1) de- 
tected potentiometrically are most probably associated with 
adventitious binding to the surface of the negatively charged 
BFR. Further work is required to allow a fuller interpretation 
of the low-affinity binding stoichiometries, apparent Kd values 
and metal ion-proton release ratios and since binding at these 
sites is secondary to binding at the ferroxidase centre we shall 
not consider it further. 
3.3. Charge distribution at the ferroxidase centre of BFR 
The X-ray structures of both iron(III)-containing [ll] and 
iron-free R2 subunits of RNR [15] have been reported and no 
major structural differences found between the two forms. In 
the apo-form, residues at the dinuclear metal binding site 
adopt a somewhat altered conformation, in which the hole 
created by the removal of the iron ions is filled. Thus, in 
the iron-free protein the four Asp/Glu residues that serve as 
iron(II1) ligands plus an additional Glu are clustered together 
without compensating charges from metal cations. Aberg et 
al. [15] present a likely hydrogen-bonding scheme for the cen- 
tre residues in which the two histidines are protonated and 
there are an additional two protons associated with the five 
Asp/Glu residues at pH 6.0. If a similar hydrogen bonding 
scheme to that seen for apo-RNR were applicable to the met- 
al-free centre of BFR, we envisage the unoccupied centre con- 
taining two protonated histidines and two of the four metal 
ion binding Asp/Glu residues being protonated. In this case 
the minimum number of protons released for binding of two 
divalent metal ions should be four. This is close to what is 
observed at pH 6.0 (Fig. 2) lending support to this description 
of the BFR dinuclear site. The difference between zinc(I1) 
binding causing the release of -2 protons per ion and 
cobalt(I1) binding causing the release of - 1.6 protons per 
ion may be related to the greater Lewis acidity of zinc(I1) 
and its correspondingly greater effect on the apparent pK, 
values of the ligating groups. 
An important feature of the dinuclear centre of BFR (Fig. 
1) is that when it is occupied by two iron(I1) ions in the 
presence of 0s the iron(I1) becomes oxidised to iron(II1) [9]. 
This could lead to the loss of charge neutrality at the centre. 
The di-ferric forms of other dinuclear iron proteins contain a 
bridging 02- ion between the two iron(II1) ions which bal- 
ances the increased positive charge on the metal ions. As yet 
there have been no reports showing that a similar p-0x0 
bridged iron(II1) dimer can be formed at the ferroxidase cen- 
tre of BFR and, given the earlier study of Le Brun et al. [9] 
which revealed BFR containing 48 iron(II1) ions exhibits EPR 
signals indicative of mononuclear iron, it may be that in this 
protein such a centre does not form. Therefore, it is interest- 
ing to speculate that following formation of a charge compen- 
sated di-ferrous centre, the loss of charge compensation within 
the 4-a-helical bundle as the iron is oxidised to iron(II1) leads 
to the breakdown of the centre. How such a process could be 
linked to the formation of a non-haem-iron-containing core 
remains to be determined. This work also points to a further 
possible role of the ferroxidase centres of BFR, namely, that 
of a proton channel between the external medium and the 
internal core space. 
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